Open-ended fitness landscape or architectural innovation is a key characteristic of combinatorial technological evolution. Though many have argued that this feature is important, many models were created in a closed fitness landscape. In this article, we modified a simulation by Arthur and Polak (2006) that used a computer simulation that builds logical circuits with circuits that were built in earlier trials.
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trial. We added conditions where agents were able to use circuits built by other agents. This simulation is useful because the environment is open-ended and also the task is close to a task in real-life. Additionally, they differentiated innovation between invention (new innovation that serves a purpose that never was used before) and improvement (already made innovation but is more efficient) which could be useful if the two innovations evolve differently. Also, in the following simulation, agents in the same trial did not interact with one another that could create a synergetic interaction just as in Henrich (2004) for simplicity.
Method
The simulation was a modified version of Arthur and Polak (2006) . In the original simulation, several NAND circuits were randomly wired together in a non-cyclic way to make a new circuit that could be used to create another circuit in the next trial. This sequence was repeated several thousand times, which created circuits that were often used in reality (e.g. OR circuit, AND circuit, and n-bit ADDER). The simulation used in this experiment added agents that created circuits simultaneously to vary group size.
In the first trial of all conditions, agent(s) started only with a NAND circuit. The agents wired several NAND circuits to create a new circuit that served a new functionality. The minimum and the maximum number of circuits that could be wired together were 2 and 12 respectively throughout all the trials. The new circuit that was created in the first trial was automatically stored in the pool, which was a group of circuits that could be used as a component for making a new circuit in the next trial. Each circuit was insured to be a directed acyclic graph. In the circuits hereafter, the choice of using which preexisting circuit was determined by a choice function (Arthur and Polak, 2006 ) that specifies probabilities of selection.
Circuits were evaluated by its functionality. Preceding the simulations, goals were defined which consisted of specific input-output circuitry (Table 1) . When the created circuit either met the goal for the first time or was close to meeting the goal determined by the prespecified truth table, the created circuit was called invention. 6 PREPRINT(February 3, 2020) Figure 1a shows the timing of when goals were achieved in each trial. While the trial with the fastest progress reached the 16th goal in about 30,000 trials, the trial with the slowest progress did not yet reach the 11th goal even after 100000 trials. This indicated that a large variation existed when only 1 agent was modifying the circuits.
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The number of inventions in each trial is shown in figure 1b . Generally, we see a repeated pattern where there is a rapid increase in invention followed by a period where there is minimal increase, which resembles that of a continuous convex function. This continuous sigmoidal like pattern was present in all replication, indicating that this trend is robust. Figure 1c shows the number of improvements that made the circuit more efficient. In total, we see a general increase in improvements as trials progress. Though in some replications we see a repeated convex like shape in the increase in improvement, compared to invention however, the pattern is not robust. Figure 1d shows the number of cases where neither invention nor improvement occurred. The figure indicates that there is little variance within junk. This is because the number of times innovation and improvement occurred is less than the number of trials. Figure 5 shows the results from junk. The accumulation of junk increased as the group size increased (figure 5a). When the speed of group size-1 was increased, the results overlapped with the increased data set. This means that productivity of junk increases proportionally to group size.
Comparison between group sizes
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Discussion
Open-endedness in fitness landscape is one of the features of technological evolution. However, the nature of this aspect is under studied especially in fields like cultural evolution where many have pointed out the mechanisms that facilitate the growth in technology under a closed fitness landscape. The main goal of this study was to examine the architecture of open-ended fitness landscape through the evolution of logical circuits with varying group sizes, which is one of the mechanisms identified in cultural evolution (Henrich, 2004; Henrich, 2017) .
We investigated this through a computer simulation with agents creating logical circuits using circuits that they themselves made in the past trials (Arthur and Polak, 2006) . In each condition, we added agents that simultaneously created circuits. Agents in group size larger than one were able to use circuits that were created by other agents in the next trial. For simplicity, we excluded interaction between agents to see if increasing in group size alone had any effect on cumulative advancement in technological innovations.
The key results were threefold. As expected, we found that in open-ended fitness landscape, group size increased the speed of innovations. When innovation was split between invention and improvement, we found that results differed between the two. In invention, the speed that invention increased was lower than the baseline (which was the n-times the speed of group size-1) and the way that inventions accumulated were similar to a repetitive sigmoidal function. On the other hand, improvement matched PREPRINT (February 3, 2020) that of the baseline and the rate in which improvement increased was square root times the group size, which means that the effect of group size becomes smaller as group size becomes bigger.
One reason for the decrease in the effect of group size in improvement could be due to a chance that one of the agents in the group create an improvement so efficient that other agents could not improve any further. The chance that any agent creates an efficient circuit increase as group size increase. Additional analysis is needed to see whether such efficient circuits were made faster as group size became larger.
The interesting finding is that the function of invention and improvement differed. Especially, invention resembled a sigmoidal function, which is similar to the technology s-curve (Foster 1986; Christensen 1997; Christensen 2009 ). As mentioned by Arthur and Polak (2006) , the rapid take-off of invention is subject to goals (e.g. AND circuit, OR circuit, etc.) being met. This means that when a goal is met, inventions using that goal circuit rapidly increase. However, at some point, the limits of using that goal circuit are reached and the growth of inventions stops. Such a result was never reported in cultural evolutionary models and can be considered as a key finding in this study. Nonetheless, since this is a post hoc analysis, whether or not the results that inventions are the same as the technology s-curve is open for debate. Additionally, the reason that this function was not seen in improvement is also an open question and needs further investigation.
Besides the difference between invention and improvement, one of the take-home messages is that even if group size increases, the productivity of one agent being added decreases as group size becomes bigger.
This also suggests that an increase in group size is sufficient to maintain technology but not enough to accelerate the speed of innovations. However, we did not include synergetic interactions for simplicity in this study which means there is still room to argue that with interaction, group size does increase the speed of innovations. On the other hand, behavioral sciences have shown that group processes do not always have a positive effect (e.g. groupthink, social loafing). We need further examination to see whether interaction does increase the speed of innovations in an open-ended fitness landscape. PREPRINT(February 3, 2020) 
